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We repor t results on p(770)0 ! 7+ 7- production at midrapidity in p + p and peripheral Au + Au
piiiiiiii
collisions at sNN = 200 GeV. T his is the ﬁrst direct measurement of p(770)0 ! 7+ 7- in heavy-ion
collisions. T he measured p0 pea k in the inva riant mass distribution is shifted by �40 MeV=c2 in
minimum bias p + p interactions and �70 MeV=c2 in periphera l Au + Au collisions. T he p0 mass
shift is dependent on transverse momentum and multiplicit y. T he modiﬁcation of the p0 meson mass,
width, and shape due to phase space and dyna mical effects a re discussed.
DOI: 10.1103/ PhysRevLett.92.092301

In-medium modiﬁcation of the p meson due to the
effects of increasing temperat ure and density has been
proposed as a possible signal of a phase t ransition of
nuclea r matter to a deconﬁned plasma of qua rks and
gluons, which is expected to be accompa nied by the
restoration of chiral sym metr y [1].
092301-2

PACS numbers: 25.75. Dw, 13.85.Hd

The p0 meson measured in the dilepton channel probes
all stages of the system formed in relativistic heavy-ion
collisions because the dileptons have negligible ﬁnal state
interactions with the hadronic environ ment. Heavy-ion
experi ments at CERN indicate an en hanced dilepton
production cross section in the inva riant mass range of
092301-2
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200–600 MeV=c2 [2]. T he study of the dilepton decay
channel cur rently relies on model calculations based on a
so-called ‘‘hadronic cock tail,’’ a superposition of the
expected contributions to the dilepton spectrum [1– 3].
T he present hadronic decay measurement , p(770)0 !
7+ 7- , is the ﬁrst of its kind in heavy-ion collisions
a nd provides experimental data to help constrain the input
to the hadronic cock tail used for such studies.
Even in the absence of the phase transition, at normal
nuclea r density, temperat ure and density dependent modi
ﬁcations of t he p0 meson a re expected to be measurable.
Effects such as phase space [4 –12] and dyna mical inter
actions with mat ter [6,8,10] may modify the p0 mass,
width, and shape. T hese modiﬁcations of the p0 proper
ties ta ke place close to kinetic freeze-out (va nishing
elastic collisions), in a dilute hadronic gas at late stages
of heavy-ion collisions. At such low matter density, the
proposed modiﬁcations a re expected to be small, but
observable. T he effects of phase space due to the rescat
tering of pions, 7+ 7- ! p0 ! 7+ 7- , and BoseEinstein cor relations between pions from p0 decay and
pions in the sur rounding matter a re present in p + p
[5,6,8,12] and Au + Au [4,6 –11] collisions. T he interfer
ence between different pion scattering channels can ef
fectively distor t the line shape of resonances [13].
Dyna mical effects due to the p0 interacting with the
sur rounding matter a re also expected to be present in p +
p and Au + Au interactions and have been evaluated for
the latter [6,8,10].
Since the p0 lifetime of cT = 1:3 f m is small with
respect to the li fetime of the system formed in Au +
Au collisions, the p0 meson is expected to decay, regen
erate, and rescat ter all the way th rough kinetic freeze-out.
In the context of statistica l models, the measured p0 yield
should reﬂect conditions at kinetic freeze-out rather than
at chemical freeze-out (vanishing inelastic collisions)
[6,8,9,11,14]. In p + p collisions, the p0 meson is ex
pected to be produced predominantly by string fragmen
tation. T he measurement of the p0 meson in p + p and
Au + Au interactions at the sa me nucleon -nucleon c.m.
system energy can provide insight for understanding the
dyna mics of these systems.
T he detector system used for these studies was the
Solenoida l Tracker at RHIC (STAR). T he main tracking
device within STAR is the time projection cha mber
(T PC) [15] located inside a 0.5 T solenoidal magnetic
ﬁeld. In addition to providing momentum in formation,
the T PC provides pa r ticle identiﬁcation for cha rged pa r
ticles by measuring their ionization energy loss (dE=dx).
In Au + Au collisions, a minimum bias trigger was de
ﬁned using coincidences between two zero degree calo
rimeters that measured the spectator neutrons. In p + p
collisions, the minimum bias trigger was deﬁned using
coincidences between two bea m-bea m counters that
measured the cha rged pa r ticle multiplicit y in forwa rd
pseudorapidities (3:3 < j7j < 5:0). T his trigger is sensi
092301-3
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tive to nonsingly diffractive events, with negligible bias
on yields [16]. Approximately 11 X 106 minimum bias
p + p events, 1:5 X 106 high multiplicit y p + p events,
and 1:2 X 106 events in the peripheral centralit y class
cor responding to 40% – 80% of the inelastic hadronic
Au + Au cross section were used for this analysis. T he
piiiiiiii
bea m energy was sNN = 200 GeV. High multiplicity
p + p events were those from the top 10% of the mini
mum bias p + p multiplicit y distribution for j7j < 0:5.
Since the pion daughters from p0 decays originate at t he
interaction point, only tracks whose distance of closest
approach to the prima r y interaction ver tex was less than
3 cm were selected. Cha rged pions were selected by
requiring their dE=dx to be within 3 standa rd devia
tions (3£) of the expected mean. In order to en hance
track quality [17], candidate decay daughters were also
required to have j7j < 0:8 and transverse momenta
pT > 0:2 GeV=c.
T he main focus of this study was the decay channel
p0 ! 7+ 7- , which has a branching ratio of �100%.
Simila r to previous e+ e- and p + p measurements, t he
p0 sa mple studied did not select exclusively on the ‘ = 1
7+ 7- cha nnel [18 – 26]. T he measurement was per
formed calculating the inva riant mass for each 7+ 7pair in an event. T he resulting inva riant mass distribution
was then compa red to a reference distribution calculated
from the geomet ric mean of the inva riant mass distribu
tions obta ined from uncor related 7+ 7+ and 7- 7- pa irs
from the sa me events. T he 7+ 7- inva riant mass distri
bution (M77 ) and t he like-sign reference distribution
were normalized to each other at M77 * 1:5 GeV=c2 .
T he resulting raw distributions for minimum bias p + p
and peripheral Au + Au collisions at midrapidit y (jyj <
0:5) for a pa r ticula r pT bin a re shown in Fig. 1. T he signa l
to background is 1=10 in minimum bias p + p and 1=200
in per iphera l Au + Au collisions. T he pT coverage of t he
7+ 7- pair is 0:2 s pT s 2:8 GeV=c for minimum bias
p + p and 0:2 s pT s 2:2 GeV=c for peripheral Au +
Au collisions.
T he solid black line in Fig. 1 is the sum of all t he
contributions in the hadronic cock tail. T he KS0 was ﬁt
to a Gaussian (dotted line). T he ! (light grey line)
and K * (892)0 (dash-dotted line) shapes were obtained
from the HIJING event generator [27], with the kaon
being misidentiﬁed as a pion in the case of the K *0 .
The p0 (770) (dashed line), the f0 (980) (dotted line),
and the f2 (1270) (da rk grey line) were ﬁt by relativistic
Breit-Wigner (BW) functions [28] BW = M77 M0 f=
2 2
[(M02 - M77
) + M02 f2 ] times the Boltzmann factor [5 – 8]
qiiiiiiiiiiiiiiiiiiiiii
qiiiiiiiiiiiiiiiiiiiiii
2 + p2 ) X exp(- M 2 + p2 =T) to acPS = (M77 = M77
77
T
T
count for phase space. Here, T is the temperat ure at which
the resonance is em itted [6] and f = f0 X (M0 =M77 ) X
2
- 4m27 )=(M02 - 4m27 )](2‘+1)=2 is the moment um
[(M77
dependent width [28]. T he masses of KS0 , p0 , f0 , and f2
were free pa ra meters in the ﬁt, and the widths of p0 , f0 ,
092301-3
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FIG. 2. T he p0 mass as a function of pT for minimum bias
p + p (ﬁlled circles), high multiplicity p + p (open triangles),
and periphera l Au + Au (ﬁlled squa res) collisions. T he er ror
ba rs indicate the systematic uncer tainty. Statistical er rors a re
negligible. T he p0 mass was obtained by ﬁtting the data to the
BW X PS functional form described in the text. T he dashed
lines represent the average of the p0 mass measured in e+ e[29]. T he shaded a reas indicate the p0 mass measured in p + p
collisions [23]. T he open triangles have been shifted downwa rd
on the abscissa by 50 MeV=c for cla rity.

FIG. 1. T he raw 7+ 7- inva riant mass distributions a fter
subtraction of the like-sign reference distribution for minimum
bias p + p (top) and peripheral Au + Au (bottom) interactions.
T he inset plot cor responds to the raw 7+ 7- inva riant mass
(solid line) and the like-sign reference distributions (open
circles) for peripheral Au + Au collisions.

and f2 were ﬁxed according to [29]. T he uncor rected
yields of KS0 , p0 , !, f0 , and f2 were free pa ra meters in
the ﬁt, while t he K *0 fraction was ﬁxed according to the
K * (892)0 ! 7K measurement. T he p0 , !, K *0 , f0 , and f2
dist ributions were cor rected for the detector acceptance
a nd efﬁciency determined from a detailed simulation of
the T PC response using GEANT [17]. For the pa r ticula r pT
bin depicted in Fig. 1 and the inva riant mass region
shown, this cor rection is approximately constant and is
�25% for minimum bias p + p a nd va ries from �25% to
�35% for peripheral Au + Au collisions. T he number of
degrees of freedom (d.o.f.) from the ﬁts was 196 and the
typical �2 =d:o:f: was 1.4. In the minimum bias p + p
inva riant mass distribution shown in Fig. 1, 7� 7� BoseEinstein cor relations have been ta ken into account. T hese
a ffect the distribution for M77 < 0:45 GeV=c2 .
The p0 mass is shown as a function of pT in Fig. 2 for
peripheral Au + Au, high multiplicit y p + p, and mini
mum bias p + p interactions. T he p0 mass was obtained
by ﬁtting t he data to a relativistic p-wave (‘ = 1) BreitWigner function times a factor which accounts for phase
space (BW X PS) in the hadronic cock tail. Since the
phase space factor modiﬁes the position of the pea k for
092301-4

the BW function, the mass derived from the BW X PS ﬁt
may be shifted compa red to the pea k of the experimenta l
inva ria nt mass distribution and to the pea k of the BW
function alone. T he p0 pea k was also ﬁt to a relativistic
p-wave BW function excluding the PS factor in the had
ronic cock tail; however, the ﬁt failed to reproduce the p0
line shape and underestimated the position of the pea k in
genera l, pa r ticula rly at low pT . T his measurement does
not have sufﬁcient sensitivit y to permit a systematic study
of the p0 width. T herefore, for the cock tail ﬁts in this
analysis, the p0 width was ﬁxed at f0 = 160 MeV=c2 ,
consistent with folding the p0 natural width (150:9 �
2:0 MeV=c2 [29]) with the intrinsic resolution of t he
detector [17]. In Au + Au collisions, the temperat ure
used in the PS factor was T = 120 MeV [6], while in p +
p, T = 160 MeV [30].
The p0 mass at jyj < 0:5 for mini mum bias p + p,
high multiplicit
y p + p, and periphera l Au + Au colli
piii
sions at s = 200 GeV seems to increase as a function
of pT and is systematically lower tha n the value repor ted
by [23]. T he p0 mass measured in periphera l Au + Au
collisions is lower than the minimum bias p + p mea 
surement. T he p0 mass for high multiplicit y p + p in
teractions is lower tha n for minimum bias p + p
interactions for all pT bins, showing that the p0 mass is
also multiplicit y dependent. Recent ca lculations a re not
able to reproduce the p0 mass measured in periphera l
Au + Au collisions without introducing in-medium
modiﬁcation of t he p0 meson [6 –11].
P revious observations of the p meson in e+ e- [31– 33]
and p + p interactions [23] indicate that the p0 line shape
092301-4
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is considerably distor ted from a p-wave BW function. A
2
mass shift of -30 pii
MeV=c
or la rger was observed in
i
+ e e collisions atpiii s = 90 GeV [31–33]. In the p + p
measurement at s = 27:5 GeV [23], a p0 mass of
0:7626 � 0:0026 GeV=c2 was obtained from a ﬁt to the
BW X PS function [12,23]. However, in this measurement
the position of the p0 pea k is lower than the average of the
p0 mass measured in e+ e- interactions [29] by
�30 MeV=c2 [23]. T his result is the only p + p measure
ment used in the hadroproduced p0 mass average repor ted
in [29].
In compa rison to the in-medium p0 production in
hadronic Au + Au interactions, no modiﬁcations of the
p0 proper ties a re expected for coherent p0 production in
ultraperipheral heavy-ion collisions, where (in lowest
order) at impact pa ra meters b > 2RA , a photon emitted
by one gold ion ﬂuctuates into a vir tual p0 meson state,
which scatters diffractively from the other nucleus. T he
p0 line shape in ultraperiphera l collisions measured with
the STAR detector [28] is reproduced by a BW plus
Söding interference term, wit h the p0 mass a nd width
consistent with their natural values repor ted in [29].
One uncer tainty in the hadronic cock tail ﬁt depicted in
Fig. 1 is t he possible existence of cor relations of un known
origin nea r t he p0 mass. An exa mple is cor relations in the
inva riant mass distribution from pa r ticles like the
f0 (600) which a re not well established [29]. T he ! yield
in the hadronic cock tail ﬁts may account for some of these
contributions and may cause the appa rent decrease in the
p0 =! ratio between minimum bias p + p and per iphera l
Au + Au interactions. In order to evaluate the systematic
uncer ta inty in the p0 mass due to poorly known contri
butions in the hadronic cock tail, the p0 mass was ob
tained by ﬁtting t he pea k to t he BW X PS function plus
a n exponential function representing these contributions.
Using this procedure, t he p0 mass is systematica lly higher
than the mass obta ined from the hadronic cock ta il ﬁt.
T his uncer tainty is the main cont ribution to the system
atic uncer tainties shown in Fig. 2 and it ca n be as la rge as
�35 MeV=c2 for low pT . Other contributions to the sys
tematic er rors shown in Fig. 2 result from uncer tainty in
the measurement of pa r ticle momenta of �3 MeV=c2
(this leads to a mass resolution of �8 MeV=c2 at the p0
mass) and from the hadronic cock tail ﬁts themselves of
�13 MeV=c2 . T he systematic uncer tainties a re com mon
to all pT bins and a re cor related between the p + p and
peripheral Au + Au measurements.
T he cor rected inva ria nt yields [d2 N=(27pT dpT dy)] at
jyj < 0:5 as a function of pT for peripheral Au + Au and
minimum bias p + p interactions a re shown in Fig. 3. In
p + p interactions, a power-law ﬁt was used to extract
the p0 yield per unit of rapidit y a round midrapidity.
The ﬁt yielded dN=dy = 0:259 � 0:002(stat) � 0:039(syst)
and
hpT i = 0:616 � 0:002(stat) � 0:062(syst) GeV=c.
In Au + Au collisions, a n exponential ﬁt in mT - m0 ,
where m0 = 0:769 MeV=c2 is the average p0 mass
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FIG. 3. T he pT distributions at jyj < 0:5 for minimum bias
p + p and peripheral Au + Au collisions. See the text for an
explanation of the functions used to ﬁt the data. T he er rors
shown a re statistica l only and smaller than the symbols.

repor ted in [29], was used to extract t he p0 yield
and the inverse slope. T he ﬁt yielded dN=dy =
5:4 � 0:1(stat) � 1:2(syst) a nd an inverse slope of
318 � 4(stat) � 38(syst) MeV [hpT i = 0:83 � 0:01(stat) �
0:10(syst) GeV=c]. T he main contributions to the system
atic uncer tainties quoted a re due to the tracking efﬁciency
(�8%) and the normalization between the M77 and t he
like-sign reference distributions (�9% for minimum bias
p + p and �19% for peripheral Au + Au collisions).
The p0 =7- ratio is 0:183 � 0:001(stat) � 0:027(syst)
for minimum bias p + p, and 0:169 � 0:003(stat) �
0:037(syst) for peripheral Au + Au collisions. T he com
pa rison with measurements in e+ e- [18 –20], p + p [21–
24], K + p [25], and 7- p [26] interactions at different c.m.
system energies is shown in Fig. 4. T he p0 =7- ratios from
minimum bias p + p and periphera l Au + Au interac
tions a re compa rable.
The p0 =7- ratios from statistical model calculations
[8,9,14] for Au + Au collisions a re considerably lower
than the measurement presented in Fig. 4. T he la rger
p0 =7- ratio measured may be due to the interplay be
tween the rescattering of t he p0 decay products and p0
regeneration.
In conclusion, we have presented results on p(770)0
production at midrapidity in minimum bias p + p and
piiiiiiii
periphera l Au + Au collisions at sNN = 200 GeV. T his
is the ﬁrst direct measurement of p0 (770) ! 7+ 7- in
heavy-ion collisions. T he p0 mass seems to increase
slightly as a function of pT and to decrease wit h multi
plicity. T he measured p0 pea k in the inva riant mass
distribution is lower than previous measurements re
por ted in [29] by �40 MeV=c2 in mini mum bias p + p
interactions and �70 MeV=c2 in peripheral Au + Au
collisions. Simila r mass shifts were observed in e+ eand p + p interactions. Dyna mical interactions wit h t he
sur rounding matter, interference between va rious 7+ 7scattering channels, phase space distor tions due to t he
092301-5
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FIG. 4. p0 =7 ratios as a function of c.m. system energy. T he
ratios a re from measurements in e+ e- collisions at 10.45 GeV
[18], 29 GeV [19], and 91 GeV [20] c.m. system energy, p + p at
6.8 GeV [21], 19.7 GeV [22], 27.5 GeV [23], and 52.5 GeV [24],
K + p at 7.82 GeV [25] and 7- p at 19.6 GeV [26]. T he er rors on
piiiiiiii
the ratios at sNN = 200 GeV a re the quadratic sum of the
piiiiiiii
statistical and systematic er rors. T he ratios at sNN = 200 GeV
a re offset from one another for cla rity.

rescat tering of pions forming p0 , and Bose-Einstein cor
relations between p0 decay daughters and pions in the
sur rounding mat ter a re possible explanations for the ap
pa rent modiﬁcation of the p0 meson proper ties. T he
p0 =7- ratio in periphera l Au + Au collisions is higher
than predicted by statistical calculat ions and is compa
rable to the measured value in minimum bias p + p
interactions. Fur ther measurements of the p0 meson,
a long with other resonance pa r ticles, can provide impor
tant in formation on t he dyna mics of relativistic collisions
a nd help in understanding the proper ties of nuclea r mat
ter under extreme conditions.
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